Fungal diseases in bermudagrass [Cynodon dactylon (L.) Pers.] and numerous other crops have been associated with K deficiency. This study evaluated how levels of K in potash fertilizer (0-0-60) and broiler litter influenced forage yields and severity of disease symptoms caused by a natural complex of fungal pathogens in 'Tifton 44' bermudagrass in Mississippi. The relative incidence at different K levels of six species of Bipolaris, Curvularia, and Exserohilum in the complex was also investigated. Disease symptoms were universal and strong in all plots in 2010, but weak and transient in 2011. Forage dry matter (DM) yields increased linearly and significantly (P < 0.05) as K-fertilizer rate increased from 0 to 167 kg K/ha. Disease severity in whole plots decreased as K levels increased in 2010, and severity of symptoms on individual leaves in 2011 was lower at 167 kg K/ha than 0 kg K/ha. The incidence of individual fungal pathogens on symptomatic leaves in 2010 ranged from 3 to 100% (E. rostratum and B. hawaiiensis were universal pathogens) and levels observed for four variable, non-universal pathogens did not differ between K-fertilizer rates. These results indicated that the reduced disease severity observed at the highest K levels was not caused by changes in the incidence of four fungal pathogens within the disease complex.
Introduction
Bermudagrass [Cynodon dactylon (L.) Pers.], a warm-season perennial forage, has long been used for hay and pasture by beef and dairy cattle producers in Mississippi. Because bermudagrass is responsive to N and requires comparable amounts of K for optimal growth, its yield potential is highest when N and K availability are balanced (16, 18) . Broiler litter, a mixture of poultry manure, wasted feed, and bedding materials, has an N-P O -K O fertilizer equivalent of approximately 2.9-1.5-3.0 with 19% moisture content (4) . It is often used as a fertilizer for bermudagrass in Mississippi, but heavy or repeated applications may result in high soil P levels which increase the risk of eutrophic pollution in adjacent surface waters (14) . Fertilizing bermudagrass hay with broiler litter enables high forage yields; however, diseases that reduce yield could potentially impede the ability of the crop to utilize excessive P and other manure-derived nutrients (1, 11, 13) .
Fungal disease symptoms induced by species of Bipolaris, Exserohilum, and Curvularia are commonly observed on bermudagrass at poultry and swine waste-application sites in Mississippi (11, 12) . These pathogens were formerly considered to be Helminthosporium spp. (2, 9, 15, 20) , and are collectively referred to as dematiaceous hyphomycetes because pigmented asexual spores are produced directly on vegetative mycelium without specialized reproductive structures (3) . Dematiaceous hyphomycetous pathogens always occurred in complexes of up to eight species of proven pathogenicity, rather than individually, on bermudagrass at animal waste application sites in Mississippi (11, 12) . These complexes were associated with foliar lesions and necrosis; rotting of stems, roots, and crowns; and stunting and dieback (thinning) of stands; symptoms similar to these are caused by the same pathogens on turf (5) . Diseases caused by Helminthosporium spp. typically appear in late summer when weather is warm, usually between 24 and 32°C, and with high relative humidity (1) .
All macro-and micronutrients necessary for plant growth are known to influence the severity of fungal plant diseases, and positive effects are sometimes strong enough to enable their use for cultural disease control (7) . Potassium in particular has been shown to influence severity of a wide range of fungal diseases (6, 9, 10, 17) . Two reports indicated K fertilization can reduce severity of disease caused by dematiaceous hyphomycetes on bermudagrass. Matocha and Smith (9) evaluated K effects on disease symptoms attributed to Helminthosporum cynodontis [B. cynodontis (Marig.) Shoemaker] in natural epiphytotics on 'Coastal' bermudagrass in Texas. They reported an inverse, curvilinear relationship between tissue K and disease severity, and a large decrease in severity between 0 and 112 kg K/ha with slight or no decrease in the disease when tissue K levels exceeded approximately 8.0 g/kg. In a similar greenhouse trial, bermudagrass was grown using six K fertilization rates, sprayed with a culture filtrate of B. cynodontis, and evaluated for leaf necrosis caused by a toxin (15) . These authors also observed a curvilinear relationship between severity of symptoms and tissue K levels, and they identified a threshold level of K for reduction in symptoms of approximately 25 g/kg, as well as cultivar differences in disease severity at similar levels of tissue K.
During 2010 of the present study, a severe epiphytotic caused by a complex of dematiaceous hyphomycetes occurred naturally in field plots of 'Tifton 44' hybrid bermudagrass that had received different levels of K fertilizer in the current production season and broiler litter in past production seasons. This event provided an opportunity to evaluate relationships of K to disease severity and yield of forage bermudagrass. It also provided a unique opportunity to determine whether K fertilization affects the incidence of individual species of fungal pathogens that comprise the disease complex.
Experimental Design, Site History, and Application of Treatments
The experiment was conducted in 2010 and 2011 with six treatments that included an untreated control, four levels of K fertilizer, and one level of broiler litter. Each treatment was replicated in four plots, each 2 × 11 m and arranged in a randomized complete block design. Each plot also contained two split-plots, each 2 × 5 m, to which the same experimental treatment was applied, in order to evaluate possible residual effects from a previous experiment involving broiler litter.
The experiment was located in an established stand of Tifton 44 bermudagrass on a private farm near Noxapater, MS (32.99°N, 89.09°W) on soil mapped as a Savannah loam (fine-loamy, siliceous, semiactive, thermic Typic Fragiudult). It was performed on the same site where two other experiments had been performed during the previous 6 years because relocation to a new site was not possible. During 2004-2007, one experiment involved 9 and 18 Mg broiler litter/ha applied as main factors to the same split-plots as in the present study. Therefore, these split plots were evaluated separately in the present study to determine whether results may have been influenced by the prior litter treatments. In addition, early in 2008 and 2009, a second prior experiment was performed with six rates and dates of N fertilizer applied to overseeded annual ryegrass (Lolium multiflorum L.) in the same blocks. The ryegrass and bermudagrass were harvested four times, twice each year for each grass species, through summer 2009. The harvest and biomass removal of ryegrass and later bermudagrass from the plot area each year likely removed most or all applied N. Moreover, any possible residual effects of these earlier N treatments have been randomly distributed among the present K treatments in the same blocks and so should not have influenced treatment differences in the present study.
Soil nutrient levels were determined by use of an inductively coupled argon plasma optical emission spectrometer (ICP, Thermo Jarrel Ash, Iris Advantage ICP, Houghton, MI) (11, 13) . Initial samples of soil were taken to a 15-cm depth from two plots selected at random in each complete block (n = (Fig. 1) . Likewise, soil-test K in September 2009 was lower in plots previously fertilized with 9 than 18 Mg litter/ha (30 vs. 38 mg/kg, P < 0.05). These levels of soil K, which are categorized in the very low or low indices based on five southern states that employ the Mehlich-3 extractant (19), strongly suggest rapid annual changes in soil K influenced bermudagrass K nutrition and hence, its susceptibility to fungal diseases (1, 15) . Experimental treatments were applied to surface soil in the same plots in April and March of 2010 and 2011, respectively, during spring "green-up" of bermudagrass. Muriate of potash (60% K O) was applied to five main plots in each block at rates of 0, 28, 56, 111, and 167 kg K/ha (equivalent to 0, 33.5, 67, 134, and 201 kg K O/ha). A sixth plot in each block was provided 2.24 Mg/ha of broiler litter from a commercial poultry farm (available K equivalent to 37 and 57 kg K/ha in 2010 and 2011, respectively). Assuming 50% of N in broiler litter is available for plant uptake during the first year (13), the litter treatment provided approximately 18 and 26 kg N/ha in 2010 and 2011, respectively. For both years of the study, each plot received the treatment that was assigned at the onset of the study.
All plots received Diuron (1.0 oz/gal) in March of each year to control crabgrass (Digitaria spp.) and 60 kg N/ha (34-0-0) following each harvest of bermudagrass hay.
Statistical Methods
Dry matter yield and disease severity were analyzed using PROC GLM procedures in SAS (SAS Institute Inc., Cary, NC). Percentage data for visible green tissue and pathogen incidence were transformed to arcsin square root values and analyzed using MIXED procedures in SAS to discern significant main effects on these variables of past application rate of litter in 2004-2007, K fertilization rates in experimental treatments, pathogen species, and interactions among these three effects (8) . Random effects in the model were block, block by litter, and block by K rate within litter. Treatment means, where appropriate, were separated using Fisher's Protected LSD test at P = 0.05. To determine trends in yield and disease responses to the five rates of inorganic K, a model with linear effects for K rate was used to analyze data using MIXED procedures in SAS (8) . The random effects in this model were block, block by past litter rate, and past litter rate by K interaction. The F-test for the litter rate by K interaction was used to detect difference in trends between the two past application rates of litter.
Forage Yields and Tissue K Concentration
Bermudagrass yields were determined by cutting a 1-× 5-m strip from the center of each subplot with a sickle-bar mower, recording fresh weight of the herbage, and weighing a sub-sample (~600 g) before and after oven drying at 65°C for 48 h to determine forage dry matter (DM) yield (kg/ha). In 2010, forage DM yields were determined in June, July, and August, but a scheduled final harvest in September was precluded by suppression of growth due to severe disease symptoms. Tissue K concentration was evaluated in dry, ground samples from harvests in July and August by use of the ICP according to Read et al. (13) . In 2011, yields were determined in May, June, July, and September when little disease was present throughout the year.
Total annual DM yields in 2010 ranged from 6.78 Mg/ha in the control to 7.98 at the highest K level (18% increase) with no significant differences across the three highest K levels (Table 1 ). In split plots from the 2004-2007 experiment that compared 9 vs. 18 Mg/ha of litter, annual DM yield increased significantly (P < 0.05) from 7.23 Mg/ha at the lower litter rate to 7.80 Mg/ha at the higher, but the interaction between past application rate of litter and present K-fertilizer rate was not significant (P > 0.65). This result and the lack of litter rate by K interaction effect for the linear trend in total DM indicated that yield effects of K fertilization were not influenced by past litter rates. Analysis of the linear trend in total DM across five rates of inorganic K fertilizer and two past litter rates (n = 10) indicated DM yield increased in a linear manner by approximately 0.0066 Mg per kg K applied (r² = 0.57, P < 005) regardless of litter rate. A significant linear response to K fertilization also was detected at the harvest in June (0.0028 Mg DM per kg K, r² = 0.50) and August (0.0036 Mg DM per kg K, r² = 0.60), but not July. Crops respond to higher K levels when N is sufficient (16) . A high level of N fertility was expected and observed in the present study, since 240 kg N/ha was provided during summer and total N concentration of the surface soil (0 to 15 cm depth) in September 2009 of the previous study ranged from approximately 1.33 to 1.53 g/kg in the different treatments (n = 4). In both July and August, tissue K levels were highest at 111 and 167 kg K/ha, least in the untreated control, and intermediate in the 2.24 Mg litter/ha treatment (Table 1) . At the harvest in July, tissue K concentration differed across K treatments (P < 0.01) and values in plants provided less than 111 kg K/ha were considerably below 15 g/kg, a level considered critical to produce near optimum bermudagrass yields (1, 16) . Based on these results and evidence that low tissue K is associated with reduced host plant resistance to different fungal diseases (6, 9, 10, 17) , most of the plants were physiologically susceptible.
In 2011, in marked contrast to 2010, disease symptoms were slight throughout the season, enabling a fourth harvest of forage. As a result, total DM yields were relatively high in 2011 despite the occurrence of drought conditions due to low rainfall in May and July. Total DM yields ranged from 7.17 Mg/ha in the control to 9.44 Mg/ha at the highest K level with no significant difference between the two highest K levels ( Table 2) (Figure 1 ). Considering the importance of K fertility in forage production (1, 13, 18) , producers who avoid litter applications due to concerns about elevated P in soil should use tissue analysis and proper fertilization as safeguards to reduce bermudagrass disease problems, particularly for soil with low capability to replenish depleted K. 
Disease Severity Estimates
2010. Symptoms of fungal leaf disease first appeared as individual or sparsely coalesced lesions on leaves in late June. Disease symptoms increased in both extent and frequency throughout the remainder of the growing season. Symptoms were clearly evident in some plots on 19 July, associated with severe leaf scorching and stunting of some plants. By September and October, strong symptom development and extensive necrosis of tissue were evident in all plots. Disease severity was then evaluated by two methods: (i) the mean percentage of green tissue (PGT) visible in the stand was estimated at four points in each plot, and (ii) a six-point index of relative symptom severity was used to represent the predominant level of symptom development in each plot. By this system, a disease severity index (DSI) of 1 represented very slight symptoms (normalappearing leaves with few lesions), and a score of 6 represented the most severe symptoms (plants stunted, leaves severely to completely chlorotic and necrotic with numerous lesions usually present in remaining live tissue). Scores of 2, 3, 4, and 5 represented progressively more severe intermediate levels.
Mean percentages of green-appearing tissue estimated in late September ranged from 36% in the untreated control to 62% at 167 kg K/ha (Table 1) . These PGT values differed significantly (P < 0.05) and were positively associated with plot means for total DM yield at the six K-fertilizer rates (r² = 0.53, P < 0.01). Mean DSI scores assigned in early October ranged from 2.4 at the highest K level to 4.4 in the untreated control (Table 1) . These DSI values differed significantly (P < 0.05) and were negatively associated with total DM yields (r² = 0.46, P < 0.05). The two indices of disease severity for plots, PGT and DSI, did not differ significantly between 111 and 167 kg K/ha, and correlation between the two indices was strong (P < 0.001) both for treatment means (r² = 0.86, n = 12) as well as individual plots (r² = 0.63, n = 48).
2011. In marked contrast to the previous year, symptom development in 2011 was weak and transient or nonexistent through most of the droughtpredominated part of the season; rainfall of 217 mm during June to August was well below the 30-year average of 337 mm. The greatly reduced symptoms, which caused few visible differences in green coloration or symptom severity of plots, precluded both of the methods used to evaluate disease severity in 2010. Therefore, an alternative system for evaluating weaker symptom development in individual leaves of bermudagrass was applied to plots of only the control, highest K fertilizer, and broiler litter treatments when symptoms were apparent in June. By this system, the fourth fully expanded leaf proximal from the growing tip in 20 randomly selected stems from each plot was observed for fungal lesions under a dissecting microscope. The 20 stems were sampled from a larger population of stems (50 to 100) that were of similar size, age and vigor in each plot. Macroscopic observations of a leaf from the same position on each stem then provided a high degree of uniformity in length, width, and likely physiological condition of leaves from both within and between plots. Each leaf was scored by a four-point system in which 1 = few or no lesions of any kind present, 4 = coalescence of lesions and necrosis at leaf tips with frequent lesions extending to the leaf base, and 2 and 3 = intermediate values. As determined by this system, disease severity at the highest K level was lower (P < 0.001) than in the control and broiler litter treatments, while the latter two scores did not differ significantly ( Table 2 ). The reduction of disease symptoms by K, as observed in 2010, was reproduced and validated at the extremes in 2011, when a macroscopic examination of individual leaves of comparable age revealed lower severity of symptoms at 167 than 0 kg K/ha, despite much reduced overall symptom development in plots.
Although litter-amended plots scored high for disease severity, their DM yield was comparable to the 111 and 167 kg K/ha fertilizer treatment (Table 2) . Apparently, 2.24 Mg broiler litter/ha in 2011 provided sufficient K (~68 kg K O/ha) for bermudagrass growth requirement, but did not provide cultural control of the disease complex caused by species of Bipolaris, Curvularia, and Exserohilum. In addition to K, broiler litter provides carbon and other nutrients important to bermudagrass growth (4, 13, 18) .
Incidence of Fungal Pathogens in Symptomatic Leaves
During the severe disease epiphytotic of 2010, dematiaceous hyphomycetous fungal pathogens of bermudagrass were identified in symptomatic tissue to determine species occurrence in the disease complex at this site and also to determine K fertilizer effects on pathogen incidence.
In September, numerous symptomatic stems were collected at random from throughout each split-plot and transported to the laboratory. One leaf blade with approximately 50% of tissue symptomatic (covered with individual necrotic lesions or coalesced necrosis) was removed from each of ten randomly selected stems. Leaves with more severe symptoms were avoided to reduce heavy growth and sporulation by saprophytes which can obscure detection of pathogens. The ten blades from each plot were trimmed to 4.5 cm in length, arranged in a radial pattern with adaxial surfaces up on a single large (9-cm diameter) plate of 2% water agar, and incubated for approximately 2 weeks in the laboratory under intermittent fluorescent light. The surface of each leaf and surrounding agar then were examined microscopically at 100× for sporulation by Exserohilum, Bipolaris, and Curvularia spp., and species were identified by morphological features of spores and sporulation at 200× or 400× as in previous studies (11, 12) . Pathogens were recorded as present if any spores were observed on a leaf or mycelium that emanated from it irrespective of their numbers. Frequencies of pathogens that did not occur universally on all 480 assayed leaves were compared by two-way analysis of variance, following transformation of percentage data to arcsin square root values.
Six of eight species of dematiaceous hyphomycetous fungal pathogens previously observed in the disease complex on bermudgrass at other locations in Mississippi were also observed at this experimental site (12) . Exserohilum rostratum and Bipolaris hawaiiensis were observed on all 480 assayed leaves, Curvularia geniculata was observed on 3% of leaves, and B. cynodontis, B. spicifera, and C. lunata were observed at intermediate frequencies (Table 3) . Bipolaris sorokiniana and B. stenospila, two other pathogens known to occur in the disease complex at other sites in Mississippi (12), were not observed at this site. Frequencies of the four variable (nonuniversal) pathogens differed significantly overall (P > 0.001), but the incidence of each species was generally similar across K levels (Table 3) , and the K rate by the pathogen interaction effect had P = 0.34 (Table 4) . These results indicated that K-fertilizer rates across a wide range did not significantly influence the incidence of individual pathogens that comprised the disease complex. The results further indicated that the relatively high values for DM yield and percent green tissue and the lower disease severity values observed at 111 and 167 kg K/ha in 2010 were not caused by stronger effects of K against the most virulent fungal pathogens or any other shifts in the incidence of pathogens within the disease complex (Table 1) . Table 3 . Incidence of four variable, non-universalfungal pathogens, two species of Bipolaris and two species of Curvularia, in symptomatic leaves of Tifton 44 bermudagrass at six rates of K fertilizer in 2010 across two past application rates of broiler litter. x x Data are mean pathogen incidence in 80 leaves collected in October from two split-plots that had received two rates of broiler litter in a prior study (2004) (2005) (2006) (2007) , from each of four replicated main plots arranged in a randomized complete block design. Ten leaves from each split-plot (480 total) with comparable severity of symptoms were observed microscopically for sporulation by individual pathogens after incubation on agar for 2 weeks. y Applied in 2.24 Mg/ha broiler litter (DM basis).
z Average values for fungal species not followed by the same letter differ significantly at P = 0.05 as determined by analysis of variance and use of Fisher's protected LSD test.
The interaction of pathogen incidence with prior litter rates applied to split plots in 2004-2007 approached but did not reach statistical significance (P = 0.07) ( Table 4 ). The incidence of B. spicifera decreased from 70% to 60% with a doubling of prior litter rate, but did not appear to be influenced by the level of K in plants or soil. This was because plots previously fertilized with 9 and 18 Mg litter/ha (n = 24) did not differ significantly (P > 0.05) in tissue K concentration at the two harvest dates in July (9.5 vs. 11.5 g/kg) and August (6.2 vs. 7.4 g/kg). Additionally, analysis of surface soil in April 2010 (n = 8, 15-cm depth) indicated no significant difference in Mehlich-3 K between prior rates of 9 and 18 Mg litter/ha (38 vs. 31 mg/kg, respectively). Apparently, if 18 Mg litter/ha did influence pathogen incidence in previous years, it did so for reasons other than increased K applied in the litter. Broiler litter is characterized by high levels of P and several micronutrients in addition to K, and also may contain antibiotic residues from feed; these or other factors might possibly have affected the growth, sporulation, or survival of dematiaceous hyphomycetous pathogens in plots. Additionally, the litter provides an organic matter substrate that might be differentially colonized by pathogens with different facultative saprophytic abilities. If any of these factors did influence pathogen incidence in leaves, such effects were probably minor because even with a doubling of prior litter rate, no significant shifts in pathogen incidence were detected (P > 0.05). Table 4 . Sources of variation and their significance for incidence levels of four variable, non-universal fungal pathogens in 480 assayed leaves of Tifton 44 bermudagrass in 2010.
x x Fungal pathogens and information on collection and assay of leaves are as given in Table 3 . y Significance of main effects and interactions of factors for pathogen incidence was determined by analysis of variance of a 2 (prior litter rate) × 6 (K fertilization) × 4 (pathogen species) factorial experiment with four replications of each treatment combination.
Observations and results of this study suggest several topics for additional research toward both practical and scientific goals. The single most serious problem encountered was the drastic difference between years in disease incidence and severity, wherein symptoms of a naturally occurring disease were strong and clearly evident in all plots during 2010, but greatly reduced and transient in 2011. This difference required the use of two different methods of evaluation that in turn limited the comparisons and analyses that could be performed with data over the 2-year study. Therefore, one topic for additional research is the identification of management practices that might provide more consistent disease severity across years, such as overhead irrigation of plots, altered cutting heights and frequencies, and alternative fertilization treatments. In most instances, the intent of such practices would be to induce greater disease incidence and severity rather than to reduce them. Another potential topic is to verify, perhaps under more controlled conditions, one of the principal conclusions of this study, that all of the pathogens present in the disease complex responded in a similar manner to bermudagrass K status. Growing plants with different levels of K fertilizer in the greenhouse and performing whole-plant or excised-leaf inoculations with the different pathogens should serve to verify these results. Evaluation of combinations of K levels with other macro-or micronutrients might also reveal positive interactions that could provide greater cultural control of these pathogens than is attained by high K levels alone.
Conclusions
Results of this study clearly demonstrated that increasing levels of K fertilization, which lead to increased K concentrations in leaf tissue, both increase yields of forage bermudagrass and significantly decrease severity of disease symptoms caused by a complex of pathogenic fungi in Mississippi. During a strong natural epiphytotic in 2010, decreased severity of disease symptoms observed at 111 and 167 kg K/ha was manifested both in increased green coloration of forage and reduced severity of symptoms on a qualitative scale. Concurrently, forage yields of bermudagrass increased at the higher K levels in inverse relationship to disease severity scores. While some of the yield increase undoubtedly was caused directly by increased K fertility, the visibly reduced necrosis of foliar tissue indicates that some resulted from disease control as well. These results constitute the second report of reduced severity of natural disease caused by one or more members of this group of pathogens in forage bermudagrass in response to K fertilizer applications. The one prior report that originated from Texas in 1980 recognized only one pathogen, B. cynodontis, as the causal agent of disease (9) . In the present study, in contrast, a complex of fungal pathogens was found to be associated with the disease at this experimental site as in all other situations investigated in Mississippi (11, 12) . Therefore, results of this study are unique because effects of K fertilization were evaluated on the incidence of all six individual components of the pathogen complex that occur here. Frequencies of pathogens remained the same across K levels, as indicated by an absence of significant interactions between pathogen incidence and K levels, and this indicated that a change in the pathogen population toward less virulent species was probably not a cause for the reduced disease severity observed with increasing K levels.
Results demonstrated a significant and repeated effectiveness of K fertilization as a cultural control practice for a disease complex caused by dematiaceous hyphomycetous pathogens on bermudagrass in Mississippi. However, it is also apparent from these results that K fertilization cannot be used as a sole cultural control measure because substantial disease symptoms still remained in plots even at the highest K levels. Therefore, K fertilization would be most realistically implemented as one component of an integrated disease management system rather than as a sole cultural control practice for diseases caused by these fungi on forage bermudagrass.
